Abstract. Hybrid speciation occurs when combination of two interspecific genomes results in individuals that are of high fitness but reproductively incompatible with the parental species. Although hybrid speciation is a relatively common source of new species in plants, it appears to be a much rarer occurrence in animal taxa. Here we report on reproductive isolation and range overlap between the rough harvester ant Pogonomyrmex rugosus and two lineages with hybrid genotypes (H1 and H2). Both lineages obligately interbreed and produce genetically distinct queen and worker offspring, a phenomenon referred to as genetic caste determination (GCD). Diploid offspring produced by gametes of the same lineage develop only into queens, whereas diploid offspring derived from gametes of distinct lineages develop into workers. We investigated small-scale patterns of gene flow between the parent and the two H lineages by sampling along an 80-km transect between a pure P. rugosus population and a two-lineage population. Microsatellite and mitochondrial markers both indicated virtually no gene flow between the parent species and either lineage even at sites where parental and Hlineage colonies co-occurred. The geographic ranges of the parental species and the twolineage population were essentially parapatric, with a surprisingly narrow band of overlap and evidence of spatial structuring even at microgeographic scales within the transition zone. This suggests that ecological competition with the parent species plays a significant role in determining the evolutionary persistence and current distribution of the hybrid lineages and the genetic caste system.
INTRODUCTION
The process of speciation is thought of as one of separation and independent divergence, but it is becoming increasingly clear that reticulate evolution has played an important role in the evolution of many plant and animal taxa (Dowling and Secor 1997 , Rieseberg 1997 , Schwarz et al. 2005 . Interspecific hybridization and recombination can lead to both neutral and adaptive introgression between species, resulting in discordant gene phylogenies (e.g., Soltis and Kuzoff 1995) , generation of novel phenotypes (Cruzan and Arnold 1993, Grant 1994) , exchange of adaptations between taxa (Caprio and Tabashnik 1992) , and ultimately to evolutionary diversification and speciation (Rieseberg 1997 , Greig et al. 2002 .
In order for a new species to arise via hybridization, the hybrid population must become genetically isolated from the parental species so as to not be swamped by inflow from adjacent parental populations (Buerkle et al. 2000) . Allopolyploidy or karyotypic recombination in hybrids could effectively block normal sexual reproduction between parental forms and hybrids, establishing a rapid barrier to genetic exchange (Grant 1981) . Alternatively, hybrids may be genomically compatible but differ from the parents in reproductive morphology or behavior such that breeding is facilitated among hybrids but reduced between hybrids and the parents (e.g., Grant 1949, Lowe and Abbott 2004) . Finally, geographic isolation of hybridizing populations may occur due to range contraction or colonization of new habitats, which could permit the development of reproductive barriers between the hybrid and parental species in a manner similar to speciation of non-hybrid populations (Schwarz et al. 2005) .
Even when reproductively isolated, incipient hybrid species risk competitive elimination by parental populations if their ranges overlap. Thus, hybrid species that are not geographically isolated from the parent species are predicted to be ecologically divergent, enabling them to outcompete the parents in marginal, ecotonal, or novel habitat types (Rieseberg et al 1999) . Homoploid hybrid speciation has been documented in relatively few animal taxa, and little is known about the relative roles of intrinsic and ecological factors in the establishment of hybrid animal species (Gross and Rieseberg 2005) .
The harvester ant Pogonomyrmex rugosus is a wideranging species that overlaps over part of its range with a second, ecologically similar species, P. barbatus. A population of each species in the overlap region has been discovered to show a strong correlation between female genotype and reproductive caste, a pattern known generally as genetic caste determination (GCD; Helms Cahan et al. 2002 , Julian et al. 2002 , Volny and Gordon 2002 . The GCD populations are each split into two distinct genetic groups, or lineages, provisionally called H1 and H2 in P. rugosus and J1 (¼ lineage X, Volny and Gordon 2002a) and J2 (¼ lineage 4, Volny and Gordon 2002a) in P. barbatus (Helms Cahan and Keller 2003) . These lineages cannot independently make their own workers (Helms Cahan et al. 2004) ; instead, queens must mate with males of the other lineage to produce interlineage offspring that develop into workers. The workers raise only intralineage females as reproductives, along with queen-produced single-lineage haploid males. The specific pattern of GCD observed in this system has been referred to as social hybridogenesis, because like conventionally hybridogenetic organisms (e.g., Vriijenhoek 1994), male genetic material of an alternate lineage is used for nonreproductive colony growth but is then excluded from the reproductive line (Helms Cahan et al. 2002 , Julian et al. 2002 . Because only intralineage individuals reproduce, recombination between the two lineages does not occur and the system can persist over generations as long as both lineage types co-occur within the population (Parker 2004 , Nonacs 2006 ). This GCD system differs strongly from the way queens and workers are produced in virtually all other ants, including allopatric populations of both species, in which all individuals are totipotent and their adult form, or caste, depends on environmental cues during development (Brian 1955 ).
Genetic comparisons of the H and J lineages to allopatric populations of the two species have revealed that at least three of the four of the lineages are derived from historical hybridization between P. rugosus and P. barbatus Keller 2003, Anderson et al. 2006) . The allelic composition of each lineage is most consistent with a combination of the genomes of the two species, with 70-96% of all alleles identified in the lineages also found in an allopatric population of at least one of the parent species. Moreover, the genomes of lineages H1, H2, and J1 show a distinctive mosaic pattern: hybrid ancestry is evident when looking across loci, but each individual locus tends to be fixed for the alleles of one parent or the other (Helms Cahan and Keller 2003) . Whether the fourth lineage, J2, is also of hybrid origin or is a historically isolated, genetically divergent population of P. barbatus remains unclear (Anderson et al. 2006) . Regardless, the overall pattern suggests that all of the lineages are now independent of the two parental species, as continued gene flow from allopatric populations would be expected to reintroduce polymorphism at individual loci. The mechanism by which the lineages are isolated from the parents is not known, as neither the reproductive compatibility of the lineages with the parental species nor the geographic extent of contact between the lineages and the parents have yet been investigated.
In this study, we investigated the extent of genetic and geographic isolation of the GCD H1 and H2 lineages from the typical environmental caste determining (ECD) form of P. rugosus. We limited our investigation to this parent species for two reasons. First, although the two lineages contain P. rugosus and P. barbatus alleles, both H lineages have been traditionally classified as P. rugosus variants and most closely resemble P. rugosus in body color and shape. We hypothesized that if gene flow were occurring it may be responsible for this phenotypic congruence. Second, the topography of southeastern Arizona suggested continuous habitat between previously described P. rugosus and H1/H2 sites, permitting a more detailed geographic study and increasing the probability of discovering transitional areas where sympatry and/or interbreeding could potentially occur. We sampled a transect between these sites and genotyped individuals to determine their ancestry. By using microsatellite loci that varied significantly among known populations of the two lineages and their parent species, we could quantify the extent of introgression across the transect and the geographic pattern of transition from the parental to H1/H2 populations. Finally, we investigated whether GCD is a likely cause of genetic isolation of the lineages from the parental species by testing for P. rugosus-H lineage crosses in the worker caste at sites where both parental and GCD dependent lineages co-occur.
METHODS

Transect sampling
We sampled along a roughly linear transect between the two sites for which published genetic information were available: QC, along Queen creek in Pinal County, Arizona, USA, where all colonies are of the ECD form of P. rugosus, and site H, approximately 250 km to the southeast in Hidalgo County, New Mexico, USA (Table  1) . This site contains a 65:35 mix of colonies headed by H1 and H2 queens, respectively (Helms Cahan et al. 2002) . We first sampled from 28 colonies at site D, roughly three-quarters of the distance from QC to H, at the upper end of the San Simon Valley, Cochise County, Arizona. After these were typed and determined to all be of the parental species P. rugosus (see Results), we continued the transect along the San Simon Valley between sites D and H. Sites were selected at approximately 10-km intervals when possible. Adult colonies were lightly excavated to a depth of 10 cm. If one or more gynes (winged virgin queens) were observed, they were collected along with several workers. Colonies without gynes were not sampled. The number of colonies sampled ranged from 17 to 32 per site, with a total of 146 colonies sampled across the entire transect (Table 1 ). All transect collections were done in the summer of 2001, but samples from one site (site B) became degraded during shipment to the lab and had to be recollected from the same colonies in 2004.
Based on the results of the transect, we conducted a second, more comprehensive sampling scheme in 2002 at a single additional site, PC, located 0.5 km east of site F. At this site, all colonies in a roughly 360 3 150 m rectangular plot at the west edge of the site and a 150 3 150 m square plot at the east edge of the site were mapped to within 5 m with a Garmin 76 GPS unit (Garmin Corporation, Olathe, Kansas, USA). A total of 156 colonies were mapped. Ten workers were sampled from each colony, but colonies were not excavated and no gynes were collected.
All live samples were briefly frozen at À208C to kill the ants and then stored in 95% ethanol for genetic analysis.
Genotyping
A single gyne was genotyped from all 146 of the transect colonies, and a single worker was also genotyped from those colonies (n ¼ 87) located within the transition zone (sites B, F, GS, and SS; see Results). Data from these two female castes provide different types of information about reproductive isolation between P. rugosus and the two H lineages. We used only gyne samples for all analyses of population genetic structure. Although P. rugosus-H lineage hybrids could potentially be found as either gynes or workers, workers do not possess spermathecae and there is no evidence that they produce haploid male offspring in natural colonies (Helms Cahan et al. 2002) . Thus, only hybrids that are reproductive gynes could contribute to introgressive gene flow and are therefore relevant for evaluating genetic isolation. Gynes were also used to infer the lineage of the mother queen of each colony, as most gynes were of pure-lineage ancestry (see Results) and thus could only be produced by a mother of the same lineage as the gyne. Worker samples were used along with gynes for two additional analyses: first, to assess the overall frequency and caste fates of P. rugosus-H lineage hybrids, and second, to determine the type of caste-determination mechanism employed by each colony. GCD colonies should show predictable differences in the ancestries of nestmate workers and gynes, while ECD colonies should produce genetically similar offspring in the two castes. For clarity, we refer to colonies only by the lineage of the mother queen (P. rugosus, H1 or H2), as it is the identity of the mother queen rather than of the workers that determines the lineage of reproductive offspring the colony can produce.
DNA suitable for PCR was extracted for each individual from three legs dried at 558C for 30-50 minutes to evaporate the ethanol in which they were stored. The legs were homogenized and DNA was extracted in a 5% solution of Chelex 100 chelating resin (Sigma Aldrich, St. Louis, Missouri, USA). The solution was heated to 908C for 20 minutes and then centrifuged for two minutes to separate the chitin and resin from the solute. All individuals were genotyped at seven microsatellite loci. Five of these (L18, Myrt3, Pb5, Pb7, Pb8) have previously been used in genetic comparisons of parental P. rugosus at site QC with the H1 and H2 lineages at site H at the other end of the transect (Helms Cahan and Keller 2003) . For two additional loci (Pr1, Gadau et al. 2003; Pb10, Volny and Gordon 2002b) no previous comparative data on allele frequencies were available. To determine the extent of differentiation at these loci, extracts of the same individuals used in Helms Cahan and Keller (2003) and 28 colonies sampled at site H in 2003 were genotyped along with the transect samples. Finally, we used previously published genotypic data (Helms Cahan and Keller 2003) , with supplemental genotyping for Pr1 and Pb10, from an allopatric population of P. barbatus near Blumenthal, Travis County, Texas, USA, for comparison with the transect samples. Parental P. barbatus has not been documented to occur within 100 km of the transect, but gene flow with more eastern H lineage populations could introduce additional alleles into the transect populations that would inflate estimates of genetic isolation from P. rugosus (Helms Cahan and Keller 2003) . PCR reaction mixes and thermal cycler settings are described in Helms Cahan and Keller (2003) .
Although the ancestry of the mother queen in most colonies could be inferred from the nuclear genotype of the gyne, this was not possible when the gyne was of mixed ancestry. For these colonies (n ¼ 11), we identified the gyne's maternal ancestry with an additional mitochondrial marker. Using previously published sequences of the cox1 mitochondrial gene (Helms Cahan and Keller 2003), we identified two restriction sites that together would uniquely differentiate P. rugosus, H1, and H2 mitochondrial haplotypes (Fig. 1) . The cox1 gene was amplified from each gyne as described in Helms Cahan and Keller (2003) , doubly digested for one hour at 378C, and separated on a 1.5% agarose gel. The restriction pattern was used to identify maternal ancestry.
Worker samples from site PC were genotyped at the four most informative nuclear loci to determine their ancestry (L18, Pb5, Pb7, Pr1), as well as typed for their mitochondrial restriction pattern to determine the lineage of the colony queen. A single worker was sampled from each of the 156 mapped colonies. For 34 colonies selected at random, an additional five workers were genotyped in order to test whether nestmate workers varied in ancestry.
Analyses
The genetic identities of samples were evaluated with the population assignment software Structure 2.1 (Pritchard et al. 2000) . Burn-in and run lengths were set to 50 000; increasing or decreasing these values by 20 000 did not alter any of the population assignments. The multilocus genotypes of allopatric P. rugosus, allopatric P. barbatus, and H1 and H2 from site H were used as known learning samples to develop multilocus genetic profiles of each lineage. The extent of interlineage migration for the learning samples was set to zero. Samples from all other sites were analyzed as unknowns under an admixture ancestry model. Under this model, each sample is assigned a relative probability of belonging to each of the four source lineages (P. rugosus, P. barbatus, H1, H2), with all probabilities summing to 1. Genetic intermediates can be identified by a more equitable distribution of probabilities between two or more lineages. Thus, an F1 hybrid between any two genetic lineages should theoretically yield assignment probabilities of 0.5 for each of the two source lineages. Samples for which the probability of belonging to one of the four lineages was over 0.90 were considered of ''pure'' ancestry. Those with lower probabilities were inspected by eye to determine the source of the ambiguity. Lower assignment probabilities can arise from genetically intermediate genotypes, low power caused by shared alleles between lineages, or novel alleles not present in the learning samples. Worker samples at site PC were analyzed separately but by the same method, with the three loci not used at PC removed from the learning sample data set.
To determine if the spatial distribution of P. rugosus, H1 and H2 colonies at site PC was significantly different from random, we conducted Mantel tests to test for a significant correlation between matrices of geographic distance between colonies and similarity of ancestry. Pairs of colonies were either scored as being of the same ancestry (0) or of different ancestry (1). The two plots were tested separately. If colonies of the same ancestry were spatially clumped, more geographically distant colonies should be more likely to differ in ancestry.
RESULTS
Population-level differentiation
As previously described (Helms Cahan and Keller 2003) , the two parental species in allopatry were strongly genetically differentiated from both the H1 and the H2 lineages at site H. In addition to differences already documented for loci L18, Pb5, Myrt3, Pb7 and Pb8, the two loci that had not previously been investigated both showed diagnostic or significant frequency differences among the four genetic lineages (Table 2 ). In total, H1 and H2 were fixed for alternative alleles at five of the seven loci; P. rugosus differed diagnostically from each H lineage at one locus and P. barbatus differed diagnostically from H1 at one locus and from H2 at two loci. Both the P. rugosus and P. barbatus reference populations were strongly divergent from both H lineages (Nei's [1978] D: P. rugosus -H1 ¼ 0.93, P. rugosus -H2 ¼ 0.95; P. barbatus -H1 ¼ 2.16, P. barbatus -H2 ¼ 1.34). These differences made population assignment extremely reliable: individuals from the reference populations removed from the calculations and re-introduced as unknowns were correctly assigned in 100% of cases.
Extent of gene flow
Population assignment revealed little, if any, evidence for gene flow at any point along the transect between either parental species and each of the two H lineages. Of the 146 gynes sampled, 136 (93.2%) could be assigned at over 90% probability to P. rugosus, H1 or H2 (Fig.  2a) . None of the transect samples was assigned to P. barbatus. An additional five individuals were assigned to the H1 and H2 lineages at roughly equal probabilities; all of these possessed genotypes consistent with H1/H2 ancestry as is usually observed in workers from GCD colonies (Helms Cahan et al. 2002 , Julian et al. 2002 , Helms Cahan and Keller 2003 .
The remaining five gynes (3.4% of the transect samples) were of statistically ambiguous ancestry. Two of the five (one from site B and one from site F) showed the highest affinity with the P. rugosus population with an assignment probability of 78.2% and 83.7%, respectively. Examination of the genotypes of these individuals revealed that the ambiguity stemmed from alleles shared by the reference populations of two different lineages, rather than from alleles specific to one lineage found in the genetic background of another. The third gyne, from site ENT, was assigned to H2 with an 85% probability and to P. rugosus with an 11% probability, with negligible likelihoods for the other two lineages. The Notes: Allele numbers refer to sizes measured on an ABI 377 sequencer; n refers to the number of individuals genotyped at that locus for that population.
FIG. 2.
Triangle plot of relative population assignment probabilities for (a) gynes and (b) workers sampled from transect colonies. The source lineages are represented in the corners of the triangles with the gray dots, and transect samples (black dots) are placed according to their relative assignment to each source lineage. The P. barbatus reference lineage is omitted from the plot, as this lineage showed negligible affiliation (maximum 2.6% probability) to the transect samples.
final two gynes, both from site F, possessed complex mixtures of H2 and P. rugosus alleles, one at roughly equal frequencies and one biased toward H2.
Calculations of genetic distances further supported the clear differentiation revealed by population assignment. We grouped samples at each site by the lineage to which they showed the strongest assignment and calculated Nei's (1978) genetic distance (D) between pairs of sites. Populations of the same genetic lineage showed low levels of differentiation between transect sites over a range of 30 km (P. rugosus, 0.002-0.047; H1, 0.002-0.015; H2, 0.000-0.043). In contrast, the genetic distances between P. rugosus and each lineage when compared between sites in the same distance range were over 10 times higher (P. rugosus vs. H1, 1.008-1.058; P. rugosus vs. H2, 0.698-0.762).
Geographic distribution of parental and GCD dependent lineages
Because P. rugosus, H1, and H2 remained genetically distinct throughout the transect, the proportions of each colony type could be estimated at each site. The results are illustrated in Fig. 3 . Overall, there was a sharp geographic transition from parental P. rugosus to a mix of the H1 and H2 lineages between sites F and GS. The western sites, D, B, and F, were exclusively parental P. rugosus except for the two colonies at site F of mixed P. rugosus/H2 ancestry. By site GS, 10 km to the east of site F, P. rugosus had completely disappeared and was replaced by a mix of H1 and H2 colonies, a pattern which continued along the remainder of the transect to the southeast with the exception of a single parental colony at site SS.
This abrupt shift from parental P. rugosus to intermixed H1 and H2 colonies was matched by a shift in caste determination mechanisms. In all cases, colonies for which the mother queen was classified as H1 or H2 yielded a worker of H1/H2 interlineage ancestry, as expected under GCD. No H1/H1 or H2/H2 intralineage workers were found at any site (Fig. 2b) . In contrast, all colonies with a P. rugosus mother queen also contained a pure P. rugosus worker of similar assignment probability to her gyne nestmate, indicating ECD. For the two colonies with gynes of mixed ancestry at site F, the worker was also of mixed ancestry, although in both cases the worker's profile was shifted from the H2/P. rugosus mixture found in the gyne to a mix of alleles from all three populations. This suggests that in both colonies the mother queen was most probably an H2/P. rugosus hybrid, whose gyne was sired by a male of one of these groups while the worker was sired by an H1 male.
Site PC
The transect results indicated a shift from P. rugosus to H1/H2 colonies between sites F and GS. We found a mix of such colonies approximately 0.5 km east of site F, FIG. 3 . Distribution maps for parental Pogonomyrmex rugosus, H1, and H2 colonies along the transect. Colonies were classified by the lineage identity of the queen. Pie diagrams indicate the proportion of each type collected at the site: parental P. rugosus is indicated in white, H1 in gray, and H2 in black. See Methods: Transect sampling for site descriptions. Numbers in parentheses indicate number of colonies sampled. Frequency data from site H were taken from Helms Cahan et al. (2002) because colonies used in the current study were intentionally selected from an equal number of H1 and H2 colonies and do not reflect the naturally occurring frequencies at that site.
in an abandoned agricultural field (site PC) bounded by pecan orchards to the west and south, by Interstate 10 to the north, and mesquite scrub to the east. We surveyed colonies on both the west and east edges of the field and found both parental and H-lineage colonies in both areas (Fig. 4) . As with the transect samples, worker genotypes from these colonies were classified either as P. rugosus and possessed a P. rugosus mitochondrial restriction pattern or as an H1/H2 interlineage cross with either an H1 or an H2 restriction pattern. All 34 colonies for which a total of six workers were sampled also showed only a single ancestry type per colony (24 with only P. rugosus, 10 with only H1/H2 interlineage). Based on the allele frequencies of the H1 and H2 lineages from the surrounding transect sites, the genotypes of the H1/H2 workers could be separated into the contributions of their H1 and H2 parent in order to compare their allele frequencies to those of parental P. rugosus. The allele frequency distributions of both lineages were strongly differentiated from P. rugosus (Table 3) , and with the exception of one worker in a P. rugosus colony that possessed a single H1-typical allele at the Pb7 locus, no genetically intermediate forms between P. rugosus and either the H1 or H2 lineage were detected from any of the 156 mapped colonies.
In total, P. rugosus colonies made up 67.5% of all the colonies sampled, but the proportion varied strongly across the two plots, from 78.0% in the western plot to 29.4% in the eastern plot (Fig. 4) . Among the H-lineage colonies, a much higher proportion was headed by H2 queens than by H1 queens (82.4% H2). Given the proportions of the three colony types at the site, we calculated the number of sampled workers expected to be P. rugosus-H lineage crosses under random mating, either if mating swarms drew from the entire site or were more local and reflected the proportions on each plot. In either case, the observed number of such crosses was significantly lower than the number expected (Table 4) .
Within plots, colonies were spatially clustered by lineage (Fig. 4) . Because only a single H1 colony occurred in the western plot, only the segregation of P. rugosus and H2 colonies could be assessed in this plot. The two colony types were strongly spatially segregated (Mantel test, G ¼ 6.93, P , 0.001). On the eastern plot, all three colony types were present. Spatial segregation was also detected in this case, although the statistical significance was weaker (G ¼ 2.06, P ¼ 0.04).
DISCUSSION
The results of this study indicate that both the H1 and H2 lineages are reproductively isolated and spatially segregated at both regional and microgeographic scales from at least one of their parent species, P. rugosus. Genetic analyses indicated virtually no gene flow between the parental species and either lineage, even where P. rugosus colonies co-occurred with H1 and H2 colonies. This genetic separation was matched by an abrupt shift in the mode of caste determination across the transition zone, from environmental determination in P. rugosus to genetic caste determination in all colonies headed by an H1 or H2 queen.
The current lack of gene flow between P. rugosus and the two lineages is not due to geographic isolation of the H1/H2 populations from the parental species. Colonies at PC were clearly in close enough proximity for queens and males of the parental species and the two lineages to have the opportunity to mate; the fact that no P. rugosus-H lineage crosses were identified even at this site provides strong evidence that the lineages are truly reproductively isolated from P. rugosus, and neither H1 nor H2 is a conspecific variant of this species. Mitochondrial and nuclear data from these and other sites (Anderson et al. 2006) suggest that the H lineages are also reproductively isolated from parental P. barbatus, and it is most likely that the dependent J1 and J2 lineages, traditionally classified as P. barbatus, are also reproductively isolated from both parent species Keller 2003, Anderson et al. 2006) . Therefore, despite the morphological affinity of each lineage to one of the two parent species, all four lineages represent evolutionarily independent gene pools and should each be considered a separate species with a nomenclature distinct from the two parental species.
Hybrid speciation is generally relatively uncommon because potential hybrid species must become both reproductively isolated and ecologically divergent from the parent species in order to persist as a distinct evolutionary unit (Buerkle et al. 2000) . Such a process is made even more complex by the socially hybridogenetic relationship between hybrid lineages, necessitating that two genetically distinct lineages retain both interbreed- Notes: H1 and H2 allele frequencies were inferred from H1/ H2 workers, which at each locus were invariably heterozygous, with at least one allele clearly affiliated with a single lineage. The remaining allele was presumed to be from the second lineage. The abbreviation n refers to the number of individuals genotyped at that locus for that population. Notes: For H1 and H2 queens, same-lineage matings are presumed to lead only to queens and are not considered in calculations of expected frequencies. Because the two plots within the site differed in relative proportions and the spatial scale at which reproductives mix is not known, expected frequencies were generated under the hypothesis of site-level panmixia (using summed frequencies across both plots) and under local plot-level mating. For this hypothesis, only the larger western plot data were analyzed.
The analysis could not be done because only a single colony of this type was observed.
ing capability and ecological coexistence with one another, while simultaneously diverging in both aspects from the parent species. The unusually high rate of speciation observed here suggests that some combination of biological and/or geographical factors has made populations in this region particularly likely to meet the conditions for speciation.
Genetic caste-determining lineages are intriguing in this regard because their unusual mode of determining reproductive caste, which reserves reproduction for intralineage offspring, results in genetic isolation between lineages despite continual interbreeding. We tested whether this same process is also responsible for genetic isolation from the parent species by looking for P. rugosus-H lineage workers at site PC. If queens and males at this site mate indiscriminately but parental-H lineage hybrids tend to become workers, they should be detected within the worker population. In total, we sampled 326 workers from both P. rugosus and GCD colonies at this site and did not find a single individual of P. rugosus-H lineage ancestry, significantly less than expected under random mating even in the absence of a caste bias (Table 4) . Thus, although it is possible that a bias toward the worker caste played a role in reproductive isolation in the past, we found no evidence that it is currently responsible for the genetic isolation of the lineages from P. rugosus.
The complete lack of P. rugosus-H lineage workers suggests instead that such crosses are rarely if ever produced, although our genetic data cannot identify the precise mechanism responsible for their absence. Interbreeding between the parental species and the H lineages may fail to occur, either due to assortative mating or differences in the timing or location of the mating flight. Flight timing, in particular, tends to be locally fixed by stabilizing selection but is strongly variable across populations (Ho¨lldobler and Wilson 1990; S. Helms Cahan and T. Schwander, unpublished data) , making it possible that co-occurring dependent lineages could retain mating synchrony but rapidly diverge in flight time from both their parent species and other GCD populations. Alternatively, interbreeding between the H lineages and parental P. rugosus may occur but fail to produce viable progeny. Genetic incompatibility with the parents could have been generated when the lineages evolved GCD, if genes involved in the two alternative modes of caste determination negatively interact when found within the same individual, or historical geographic isolation may have allowed the H lineages to accumulate enough genetic divergence that parental-H lineage crosses were less likely to develop successfully following secondary contact.
In addition to reproductive isolation, hybrid populations that are not geographically isolated from the parent species must either be ecologically divergent or possess traits that increase their competitive ability relative to the parents in order to avoid competitive elimination (Templeton 1981 , Buerkle et al. 2000 . The biogeographical data from this and other studies suggest that ecological competition with P. rugosus is likely to be an important factor determining the persistence and geographic distribution of the H lineages. Contact between P. rugosus and the H lineages clearly occurs, as patches of each colony type were intermixed at site PC; large-scale sampling across the region reported elsewhere in this volume (Anderson et al. 2006 ) indicates multiple such overlap sites along the edge of the zone of contact between P. rugosus and the H lineages. When sampling is conducted across the contact zone, however, surprisingly few sites contain both P. rugosus and H1/ H2 colonies (Fig. 3) ; instead, the transition from one population to the other is rapid and complete over a distance of only a few kilometers, suggesting that successful dispersal across this boundary is restricted (Cahan et al. 1998 ). Moreover, fine-scale mapping of the one location from this study where they did co-occur revealed significant microgeographic structuring of the community despite falling well within the distance range where complete spatial mixing of colony-founding queens might be expected. The proportion of P. rugosus colonies decreased in a clinal fashion across the 1-km site, from over three-quarters of the colonies on the western plot to less than a third of the colonies on the eastern plot. Even within plots, colonies were clustered by ancestry rather than randomly interspersed, again suggesting direct competitive interactions between parental and GCD populations.
At this point, we can only speculate as to why the H lineages are able to persist in the face of ecological competition, and the underlying causes of their macroand micro-geographic distribution. Species with GCD would appear to have an intrinsic ecological disadvantage because their genetically based mode of caste determination should be less efficient in producing diploid offspring, a cost that is exacerbated as the proportions of the two interbreeding lineages deviate from equality in a population (Helms Cahan et al. 2004 , Schwander et al. 2006 . If these costs negatively impact GCD colonies in the field, their persistence in direct competition with parental ECD colonies suggests the existence of some compensatory advantage. A number of different aspects of the biology of the GCD lineages could potentially provide such an advantage. Interspecific hybrids often display intermediate or transgressive phenotypes that can increase their fitness in ecotonal or extreme habitats (Gross and Rieseberg 2005, Umphrey 2006 ). Because both of the H lineages are of hybrid origin, they may possess intermediate traits well suited to the transitional desert grassland region. For example, intermediate or broader abiotic tolerances relative to the parent species may increase success during colony founding, even at microgeographic scales (Johnson 1998) . Metabolic rates are also reported to be higher in P. barbatus than in P. rugosus (Johnson 1998) ; if metabolism is correlated with developmental rate, any reductions in efficiency of GCD colonies may be counterbalanced, at least in competition with P. rugosus, by more rapid brood development. The socially hybridogenetic form of GCD shown by these lineages could itself also confer advantages to H-lineage colonies because the interlineage workers produced in such colonies have exceptionally high levels of heterozygosity, which may provide fitness advantages such as increased growth rates due to functional overdominance (David 1998) . Finally, the genetic divergence of each lineage from both parents may have altered species recognition cues, leading to mutual competitive exclusion of dispersers across the transition zone boundary. Both P. rugosus and H1/H2 workers are more aggressive toward one another than toward foreign workers of similar ancestry, which may lead to spatial segregation due to exclusion of heterospecific founding colonies (Julian and Helms Cahan 2006) . The discovery of sites like PC, where colonies can be compared directly in the field, offers a unique opportunity to investigate competitive interactions and ecological divergence of the dependent lineages from P. rugosus (see Julian and Helms Cahan 2006 ).
In addition to its possible benefits, GCD may also impose an important constraint on the dynamics of ecological competition with the parent species. Because they are largely unable to produce workers from intralineage offspring, the two H lineages are interdependent and must co-occur in order for the system to persist (Parker 2004) . Although mature colonies of the two H lineages share the same worker genotype, and are thus expected to be phenotypically similar, the genetic compositions of the queens are highly divergent. If these genetic differences translate into ecological differences, particularly during colony founding when queens face high mortality rates, the two lineages may differ in their abilities to compete with the parent species. Such a difference is suggested by the significantly greater spatial overlap of P. rugosus colonies with H1 colonies than with H2 colonies at site PC, which corresponded with an extremely low occurrence of H1 colonies at this site (Fig.  4) . If P. rugosus outcompetes H1 but not H2 colonies, this would skew the H population toward a single lineage and dramatically increase the costs of GCD for both lineages because the absence of H1 colonies reduces the ability of H2 queens to procure worker-destined sperm. Ultimately, this cascading effect may limit the ability of GCD lineages to expand their range even if certain lineages might be predicted to displace the parent based on ecological factors alone.
